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Pellino proteins are RING E3 ubiquitin ligases in-
volved in signaling events downstreamof the Toll and
interleukin-1 (IL-1) receptors, key initiators of innate
immune and inflammatory responses. Pellino pro-
teins associate with and ubiquitinate proteins in
these pathways, including the interleukin-1 receptor
associated kinase-1 (IRAK1). We determined the
X-ray crystal structure of a Pellino2 fragment lacking
only the RING domain. This structure reveals that the
IRAK1-binding region of Pellino proteins consists
largely of a previously unidentified forkhead-associ-
ated (FHA) domain. FHA domains are well-character-
ized phosphothreonine-binding modules, and this
cryptic example in Pellino2 can drive interaction of
this protein with phosphorylated IRAK1. The Pellino
FHA domain is decorated with an unusual append-
age or ‘‘wing’’ composed of two long inserts that lie
within the FHA homology region. Delineating how
this E3 ligase associates with substrates, and how
these interactions are regulated by phosphorylation,
is crucial for a complete understanding of Toll/IL-1
receptor signaling.
INTRODUCTION
The first line of defense in the human body against invading
microorganisms comprises a set of relatively nonspecific innate
immune responses. Members of the Toll/interleukin-1 receptor
(TIR) superfamily (Dunne and O’Neill, 2003) play a crucial role in
regulating cellular aspects of these innate immune responses.
Engagement of TIR receptors by cytokines or pathogen-derived
molecules leads to the activation of several different key cellular
signaling pathways, including the nuclear factor kappaB (NF-kB)
and mitogen-activated protein kinase (MAPK) pathways—
mediated by transforming growth factor-b-activated kinase 1
(TAK1) —and/or the activation of interferon regulatory factors
(Dunne and O’Neill, 2003; Kawai and Akira, 2007). Crosstalk
among the different members of the TIR superfamily generates
a complex signaling network that can elicit, and then dampen,1806 Structure 16, 1806–1816, December 10, 2008 ª2008 Elsevier Lresponses to pathogens. Perturbations in innate immune signal-
ing can result in debilitating illnesses such as septic shock, sys-
temic autoimmune diseases and atherosclerosis (Cook et al.,
2004).
Intracellular signal downstream of TIR superfamily receptors
is transmitted through kinase cascades that involve an array of
adaptor proteins and posttranslational modifications (Kawai and
Akira, 2007). The first step in TIR signaling involves receptor
homo- or heterodimerization and the resulting recruitment of one
or more of five adaptor proteins (including MyD88 and MAL)
through homotypic interactions between so-called TIR domains
in both receptor and adaptor (O’Neill and Bowie, 2007). The
TIR-domain-containing adaptor proteins in turn recruit Ser/Thr
kinases of the IL-1 receptor associated kinase (IRAK) family,
which are regulated by both phosphorylation and ubiquitina-
tion. Initial phosphorylation of IRAK1 by IRAK4 leads to full acti-
vation of IRAK1 and its subsequent hyperautophosphorylation
(Janssens and Beyaert, 2003). Hyperphosphorylated IRAK1 is
released from the TIR complex, allowing it to activate down-
stream molecules including IRF7, TRAF6 and TAK1. This acti-
vated IRAK1alsobecomeshighlyubiquitinated. Lysine-63-linked
polyubiquitin (K63-pUb) chains on IRAK1 serve as docking sites
for NEMO (the NF-kB essential modulator), a regulatory subunit
of the IkBa kinase (IKK) complex (Conze et al., 2008; Windheim
et al., 2008). By contrast, K48-linked polyubiquitination promotes
proteasomal degradation of IRAK1 (Yamin andMiller, 1997). The
Pellinoproteins areprimary candidates for E3 ligases responsible
for these ubiquitination events. In particular, the Pellino proteins
have been shown to interact with IRAKs specifically following
receptor stimulation and IRAK1 phosphorylation (Jensen and
Whitehead, 2003b; Jiang et al., 2003; Yu et al., 2002), and can
K63 polyubiquitinate IRAK1 (Butler et al., 2007; Ordureau et al.,
2008; Schauvliege et al., 2006; Xiao et al., 2008).
Pellino proteins were originally found to interact with IRAKs
in a yeast two-hybrid screen for proteins that interact with the
Drosophila IRAK homolog Pelle (Grosshans et al., 1999). In mam-
mals there are four Pellino proteins, with between 418 and 479
amino acids (Figure 1A): Pellino1, Pellino2, and two splice vari-
ants of Pellino3 (Pellino3a and 3b). Pellino1 is involved in TIR sig-
naling to NF-kB (Choi et al., 2006; Jiang et al., 2003), whereas
both Pellino3 isoforms have been implicated in the activation of
the MAP kinase pathway (Butler et al., 2005; Jensen and White-
head, 2003b) and Pellino3b is a negative regulator of NF-kB
activation (Xiao et al., 2008). Pellino2 is implicated in activationtd All rights reserved
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Pellino Recognizes Substrate via an FHA Domainof both NF-kB (Liu et al., 2004; Yu et al., 2002) and MAP kinase
(Jensen and Whitehead, 2003a). These differences suggest that
each Pellino might ubiquitinate a different set of substrates, or
that their activities might bemodulated by isoform-specific post-
translational modifications. By analogy with other RING E3 ubiq-
uitin ligases, Pellino proteins are likely to contain a substrate rec-
ognition domain (Ardley and Robinson, 2005). We show here that
the C-terminal 140 amino acids of Pellino proteins, which contain
the RING domain, are not required for interaction with phosphor-
ylated IRAK1. Instead, the N-terminal domain of Pellinos 1, 2,
and 3b are sufficient to interact with this ubiquitination substrate.
To shed light on how Pellino proteins interact with their sub-
strates, such as IRAK1, we solved the X-ray crystal structure of
the Pellino2 N-terminal region (amino acids 15–275). Unexpect-
edly, this region of Pellino2 consists entirely of an FHA domain
that had not been predicted from the primary sequence. The
cryptic Pellino2 FHA domain contains an unusual ‘‘wing-like’’
appendage made up of two long sequence insertions in the FHA
domain. Key amino acids known to be important in phospho-
threonine binding by canonical FHA domains (Durocher, 2005)
are conserved in all Pellino proteins, andmutation of these amino
A
B
Figure 1. The Pellino C-Terminal RINGMotif
Is Not Required for Interaction with IRAK1
(A) Schematic representation of Pellino proteins
indicating the location of the RING domain and of
the 24 amino acid insert in Pellino3a (gray). Lines
indicate the Pellino deletion variants used in (B).
The Pellino amino acids in these GST-fusion pro-
teins are indicated.
(B) The indicated GST-fusions of Pellino proteins
or of deletion variants were incubated with
HEK293T lysates that contained overexpressed
IRAK1. Following washing, bound proteins were
eluted by denaturation, analyzed by SDS-PAGE,
and visualized by immunoblotting with a-Xpress
antibody to detect IRAK1 and Coomassie blue
staining to detect the GST-fusion proteins. ‘‘In’’ in-
dicates 0.8% of lysate. Positions of molecular
mass markers are shown.
acids in Pellino2 abolishes interaction
with IRAK1. Our studies argue that Pellino
proteins bind directly to phosphorylated
threonines on IRAK1 and other phos-
phorylated substrates. The identification
of an FHA domain in Pellino proteins not
only highlights the involvement of this
domain in innate immune signaling, but
also illustrates a molecular basis for the
regulation and substrate specificity of
Pellino proteins.
RESULTS
The C-Terminal RING Motif
of Pellino Is Not Required
for Interaction with IRAK1
To define which region(s) of Pellino
proteins direct(s) their interaction with
IRAK1, we used Escherichia coli expressed glutathione
S-transferase (GST) fusions of Pellino proteins to precipitate,
from cell lysates, epitope-tagged IRAK1 that was over-
expressed (and thus highly phosphorylated) in HEK293T cells.
As shown in Figure 1B, robust interaction of IRAK1 is ob-
served with the purified GST-fusion proteins of full-length Pel-
linos 1, 2 and 3b. To investigate whether the C-terminal RING
domain of Pellino proteins is required for this interaction, we
generated fragments of each Pellino protein corresponding
to the N-terminal 287 to 337 amino acids; that is, lacking
only the C-terminal 120-residue RING domain (Figure 1A).
Removal of the RING domain does not abolish IRAK1 binding
(Figure 1B) in this qualitative assay; fragments 1N, 2N and 3bN
all retain substantial affinity. By contrast, removing the N-ter-
minal region from Pellino2, leaving only amino acids 276–420
(the RING domain: 2C), abolishes its ability to pull down
IRAK1 from these lysates (Figure 1B). The Pellino N-terminal
region appears to be sufficient for association with IRAK1, al-
though additional stabilization of the interaction by C-terminal
regions of the protein cannot be ruled out, particularly for
Pellino3b.Structure 16, 1806–1816, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1807
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Pellino Recognizes Substrate via an FHA DomainTable 1. Data Collection and Refinement Statistics
P2(7-289) P2(15-275)*
Data collectiona APS 23ID-D APS 23ID-B
Space group P212121 F222
Cell dimensions
a, b, c 43.7 A˚, 89.5 A˚, 125.6 A˚ 83.6 A˚, 86.1 A˚, 162.8 A˚
a, b, g 90, 90, 90 90, 90, 90
Native Peak Inflection Remote
Wavelength 0.9793 A˚ 0.9795 A˚ 0.9796 0.9495 A˚
Resolution limit 3.25 A˚ 1.8 A˚ 1.8 A˚ 1.9 A˚
Rsym
b 0.16 (0.46) 0.1 (0.5) 0.074 (0.43) 0.08 (0.456)
<I/s > 19.0 (4.5) 37 (2.4) 41.7 (2.6) 32 (2.9)
Completeness (%) 99.9 (99.0) 98.5 (86.9) 98.4 (86.8) 99.3 (93.7)
Redundancy 8.4 (7.7) 8.2 (3.9) 8.4 (4.8) 8.6 (5.7)
Refinement
Resolution limits 453.25 A˚ 43.11.8 A˚
No. of reflections 8,219 27,047
R factor (Rfree)
c 0.24 (0.32) 0.21 (0.24)
Model
Protein 2 3 P2(7–289) 1 3 P2(15–275)*
aa 15–27, 39–66, 71–120, aa 15–27, 38–119, 130–196, 202–258
132–197, 203–280d 1 sulfate ione, 130 water molecules
Total number atoms 3247 1836
rms deviations
Bond lengths 0.010 A˚ 0.014 A˚
Bond angles 1.342 1.510
a Numbers in parentheses refer to the last-resolution shell.
b Rsym = SjIh- < Ih > j/SIh, where < Ih > = average intensity over symmetry equivalent measurements.
c R factor = SjFo-Fcj/SFo, where summation is over data used in the refinement; Rfree includes only 5% of the data excluded from the refinement.
d Numbers in Table 1 are for chain A. For chain B: aa 16–26, 40–64, 73–119, 130–196, 204–276.
e Sulfate ion is at a special position, modeled with half occupancy.Structure Determination
The IRAK1-binding N-terminal 287 amino acids of Pellino2
contain no recognizable domains or motifs based on primary
sequence analysis. As a first step toward understanding how
Pellino employs this region to recognize their ubiquitination tar-
gets, we chose to determine its structure. When expressed in
E. coli, full-length Pellino proteins are highly sensitive to proteol-
ysis that leads to removal and degradation of the C-terminal
RING-domain-containing region. The stable proteolytic frag-
ments that remain were used to guide selection of boundaries
for expressing variants of the N-terminal IRAK-binding region
suitable for crystallization. IRAK1 binding of each variant was
confirmed using the GST-pull down assay (see Figure S1A avail-
able online). Optimal crystals were obtained for a selenomethio-
nine-containing protein comprising amino acids 15–275 of
Pellino2 [P2(15–275)*] containing two methionine substitutions
at positions where methionine is observed in at least one other
Pellino protein (V61 and L232: Figure S2). The structure of
P2(15–275)* was solved by the method of multiwavelength
anomalous dispersion (MAD) and was refined against data to
1.8A˚ resolution (Table 1). A different crystal form was also ob-
tained for a slightly longer fragment of Pellino2 (without methio-1808 Structure 16, 1806–1816, December 10, 2008 ª2008 Elsevier Lnine substitutions) comprising amino acids 7–289 [P2(7–289)].
The structure of P2(7–289) was solved to 3.3A˚ resolution using
molecular replacement (MR) methods with P2(15–275)* as the
search model. The P2(15–275)* and P2(7–289) structures are
almost identical (Figure S1B). The two methionine substitutions
in P2(15–275)* do not perturb the overall structure of the Pellino2
N-terminal domain, nor do they affect the ability of Pellino2 to
interact with IRAK1 (Figure S1A).
The IRAK Binding Domain of Pellino Is a Modified
FHA Domain
The Pellino2 N-terminal region forms a single globular domain
containing 17 b strands (Figure 2) that form 4 distinct b sheets.
Unexpectedly, parts of this domain share remarkable structural
similarity with the forkhead-associated (FHA) domain, a well-
known, and extensively characterized, phosphothreonine-bind-
ing module (Durocher et al., 1999; Sun et al., 1998). The region
colored green in Figure 2 corresponds very closely to an FHA
domain, comprising 2 b sheets that form a b sandwich. The re-
maining two sheets (blue in Figure 2) are formed by two inser-
tions (of 45 and 26 amino acids respectively) in the FHA module
that constitute a significant ‘‘wing’’ or appendage on the FHAtd All rights reserved
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A Figure 2. The IRAK1-Binding Region of
Pellino2 Is an FHA-like Domain
(A) Cartoon views of the Pellino2 structure with the
FHA core in green and the non-canonical wing in
blue (amino acids 51-98 and 159-184 in dark and
light blue, respectively). b strands of the FHA core
are numbered 1-11, while those of the wing are
10-60. The N- and C-termini are labeled, as are
the amino acids numbers at the beginning and
end of each missing loop.
(B) Topology diagram of Pellino with the strands
colored as in A. Missing loops are shown with
dashed lines. The position of b9 in canonical FHA
domains is shown in gray.
(C) The domain architecture of Pellino2.domain structure. FHA domains are found in a large number of
proteins in eukaryotes and bacteria with a diverse array of func-
tions including DNA repair and cell cycle regulation (Durocher,
2005). Of particular note, among the 26 known FHA-containing
proteins in humans are the RING E3 ubiquitin ligases Chfr and
RNF8 (Huen et al., 2007; Kang et al., 2002) and TIF2A/T2BP,
which is involved in innate immune signaling and (like Pellino)
has been suggested to bind both IRAK1 and TRAF6 (Takatsuna
et al., 2003).
The Pellino FHA Domain
The 11-stranded Pellino2 b sandwich, colored green in Figure 2,
is readily recognized as an FHA domain by fold or structure rec-
ognition algorithms, such as the DALI server (Holm et al., 1992).
This Pellino2 FHA core region is superimposed on the Rad53
N-terminal FHA domain in Figure 3A. In the structure-based
amino acid sequence alignment (Figure 3B), regions of signifi-
cant structural overlay of the Pellino2 FHA core with selected
FHA domains are underlined. The structural similarities extend
beyond the b strands well into many of the loop regions of the
domain. Many of the key conserved amino acids in the b3/b4,
b4/b5 and b6/b7 loops of canonical FHA domains (bold in Fig-
ure 3B) are also found in Pellino2. A subset of these conserved
amino acids is involved in binding to phosphothreonine-contain-
ing peptides.
The Pellino FHA Domain Shares Features Known
to Be Critical for Phosphothreonine Binding
Structures of 8 canonical FHA domains bound to phosphothreo-
nine peptides (Bernstein et al., 2005; Byeon et al., 2001, 2005;
Durocher et al., 2000; Huen et al., 2007; Lee et al., 2008; Li et al.,
2002; Yuan et al., 2001), together with mutational analyses (Dur-
ocher, 2005; Durocher et al., 1999; Li et al., 1999) have identified
highly conserved amino acid side chains that are crucial for bind-
ing phosphorylated peptides and proteins. The locations of these
amino acids, immediately following b3 and preceding both b5
and b7, are marked with triangles above the sequences in Fig-
ure 3B. These amino acids are also conserved in Pellino proteins
(Figures 3B and S2). Moreover, the conformations of these sideStructure 16, 1806–18chains, shown interacting with a phosphopeptide bound to
Rad53-FHA1 in Figure 3C, are remarkably well conserved in the
Pellino2 FHA core. An invariant arginine (R70 in Rad53-FHA1)
immediately follows strand b3 and interacts with the phospho-
threonine g oxygen. A highly conserved serine (S85 in Rad53-
FHA1) in the loop preceding b5 interacts with one of the 3 oxy-
gens. The amino acid following this serine frequently has a basic
side chain and makes key contacts [although an asparagine
(N86) plays this role in Rad53]. In the b6/b7 loop a well-con-
served asparagine (N107 in Rad53) interacts with the phospho-
peptide’s backbone in all known FHA domain/phosphopeptide
complex structures, and contributes to the binding pocket for
the gmethyl group of the phosphothreonine. The amino acid pre-
ceding this position is often a threonine, which makes additional
interactions with the phosphate moiety. The Pellino2 FHA core
maintains all five of these key residues (R106, S137, R138,
T187 and N188), whichmay contribute directly to phosphothreo-
nine-dependent binding of Pellino2 to IRAK1.
To determine whether these conserved amino acids are in-
deed important in Pellino2 binding to phosphorylated IRAK1,
GST-Pellino variants were generated with either R106 or both
T187 and N188 replaced with alanine (R106A and T187A/N188A,
respectively). Both alterations abolished the ability of GST-
fusions of Pellino2 or P2(15–275)* to precipitate IRAK1 from
HEK293 lysates, without affecting expression level or stability
of the Pellino protein (Figure 4A). This observation is consistent
with the hypothesis that the Pellino2 FHA core binds phospho-
threonines in IRAK1 through a mechanism seen for binding of
other FHA domains to their phosphorylated targets. In further
support of this hypothesis, we showed that enzymatic dephos-
phorylation of IRAK1 abolishes its ability to interact with GST-
Pellino2 fusion proteins (Figure 4B). Lysates from HEK293T cells
transfected with epitope-tagged IRAK1were incubated with calf
intestinal alkaline phosphatase (CIP) for 6 hours at 37C. The
CIP-treated IRAK1migrates further in SDS-PAGE, and cannot be
detected with anti-phosphothreonine or anti-phosphoserine-
specific antibodies (Figure 4B and data not shown). Following
CIP treatment, IRAK1 is no longer precipitated by GST-Pellino2,
arguing that its phosphorylation is critical for interaction with the16, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1809
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A C Figure 3. The Pellino FHA Core Shares
Features Required for Phosphothreonine
Recognition
(A) Superposition of the Pellino FHA core (green)
with the Rad53-FHA1 (gray, PDB ID 1gxc). The
Rad9 peptide bound to the Rad53-FHA1 is shown
in cyan with the phosphothreonine in stick repre-
sentation. The beginning and end of each wing
loop are shown in blue. Numbers indicate the
chain breaks. b9 of Pellino and Rad53 are labeled
9P and 9R respectively.
(B) Structure-based sequence alignment of the
Pellino FHA core with select FHA domains. b
strands, as defined by the program DSSP (Kabsch
and Sander, 1983), are highlighted in green. Green
arrows indicate Pellino2 b strands, gray arrow
shows b9 of canonical FHA domains. The amino
acids underlined in red were used for the structural
alignment and superimpose with Pellino to yield
pairwise RMSD values for Ca positions of < 3.2A˚.
Bold text indicates identity/close homology (repre-
sented 4 ormore times in this alignment). Numbers
indicate omitted amino acids. For Pellino2, black
numbers indicate structurally disordered amino
acids, blue numbers the wing insertions. Con-
served amino acids that contact the phosphopep-
tide are highlighted with triangles. The sequence
of the TIFA FHA domain is aligned based on amino
acid homology only. FHA/50% is the 50% consen-
sus for the FHA homology region (Letunic et al.,
2006). PDB IDs used to generate this alignment:
2ff4, 2aaf, 1lgp, 1gxc, 1g6g, 1mzk, 1yjm, 2pie,
and 1j4l.
(C) A detailed view of the superposition of Pellino2
and the Rad53-FHA1/Rad9 complex, colored as
in A. Conserved side chains are show, labeled in
green for Pellino2 and in black for Rad53. Hydro-
gen bonds betweenRad53 andRad9 are indicated
with dashed lines.Pellino2 FHA core.Moreover, two kinase-inactive forms of IRAK1
(IRAK1b and IRAK1-ki) fail to become autophosphorylated and
are not precipitated by the Pellino2 GST fusion protein.
Binding of Pellino2 to Phosphothreonine-Containing
Peptides
FHA domains can bind phosphothreonine-containing peptides,
and typically showselectivity for phosphothreonine in aparticular
sequence context (Yaffe and Smerdon, 2004). To determine
whether the modified FHA domain of Pellino2 shares this prop-
erty, we investigated its ability to bind phosphothreonine-con-
taining peptides. We first analyzed binding to a phosphopeptide
based on amino acids 188–196 of the Rad9 sequence (where
T192 is phosphorylated). This peptide [Rad9(pT192)] has been
shown to bind to Rad53-FHA1 (Durocher et al., 2000; Liao et al.,
2000) and EmbR-FHA (Alderwick et al., 2006). As shown in Fig-
ure 4C, the Rad9(pT192) peptide can also interact with Pellino2
in the context of a bead pull-down assay. The R106A mutation,1810 Structure 16, 1806–1816, December 10, 2008 ª2008 Elsevier Lwhich abolished IRAK1 binding by Pellino2, also prevents it from
binding the Rad9(pT192) peptide. Moreover, an unphosphory-
lated control peptide with the same sequence [Rad9(T192)] does
not interact with Pellino2. These data strongly suggest that the
Pellino2 FHA core resembles other FHA domains in its ability
to recognize phosphothreonine-containing sequences, and that
this mode of interaction is likely to contribute to recognition of
phosphorylated IRAK1 by Pellino proteins. Although Pellino2
binding to the Rad9(pT192) peptide could be detected in the
qualitative experiments shown in Figure 4C, efforts to measure
the affinity of this interaction suggest a KD value of greater than
100mM. There are no threonines in IRAK1 that are in a sequence
context that resembles Rad9(pT192). We tested binding of
Pellino to a series of phosphopeptides based on predicted
IRAK1 phosphorylation sites. None of these peptides interacts
with Pellino2 in the qualitative bead pull-down assay, suggest-
ing that we have not yet identified the cognate Pellino binding
sequence.td All rights reserved
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Figure 4. The Pellino FHA-like Domain Is
a Phosphothreonine-Binding Module
(A) Substitution of alanine at key conserved amino
acids in the Pellino FHA core abolishes interaction
with IRAK1. GST-fusions of full-length Pellino2
or of P2(15-275)* with substitutions R106A or
T187A/N188A fail to pull down IRAK1 using the
assay described in the legend to Figure 1. Upper
panel; a-Xpress immunoblot, lower panel; Coo-
massie blue staining.
(B) Enzymatic dephosphorylation of IRAK1, by
incubation of HEK293 lysates with CIP for 6 hr at
37C, leads to a further migrating band on SDS-
PAGE that is not detected by anti-phosphothreo-
nine antibody (a-pT), and does not interact with
GST-Pellino2. Kinase inactive forms of IRAK1 (an
alternative splice form, 1b, and kinase dead mu-
tant, ki (Jensen and Whitehead, 2001)) are also
not detected by anti-phosphothreonine, and do
not interact with Pellino2. ‘‘In’’ represents 6% of
lysate.
(C) Purified Pellino2 can interact with immobi-
lized, phosphorylated Rad9 derived peptide
[Rad9(pT192)] but not with a non-phosphorylated
peptide of the same sequence [Rad9(T192)]. Sub-
stitution in Pellino2 of R106 with alanine abolishes
this interaction. Peptides were amine coupled to
agarose beads and incubated with 50 mM purified
wild-type or R106A Pellino2. Following three
washes, bound proteins were eluted by denatur-
ation, analyzed by SDS-PAGE and visualized by
Coomassie staining. ‘‘In’’ represents 1% of the in-
put protein. Positions of molecular mass markers
are shown (kDa).Noncanonical Features of the Pellino FHA Core
Although many characteristic FHA domain features are con-
served in the Pellino FHA core, and the data presented above
suggest that the phosphothreonine-binding function is main-
tained, there are other conserved amino acids in FHA domains
that are not found in Pellino. Almost every known FHA domain
has a histidine just before b5 and an aspartic acid near the end
of b6. Although these do not participate in phosphopeptide bind-
ing, it has been proposed that the respective side chains con-
tribute to interactions between the b4/b5 and b6/b7 loops that
constitute much of the binding pocket (Durocher et al., 2000).
All Pellino proteins have alanine at these two positions (A140
and A157 in Pellino2) so the relationship between the b4/b5
and b6/b7 loops is less constrained than in canonical FHA do-
mains. This difference can be appreciated in Figure 3C from the
altered location of T187 in the Pellino2 b6/b7 loop compared with
T106 of Rad53-FHA1. It is also important to note that the b6/b7
loop contains one of the wing inserts, which might participate
in Pellino2 binding to phosphorylated substrates (see below).
A striking feature of the Pellino2 FHA core is the increased
length of many of the loops separating strands in the b sandwich
(some disordered in the structure; Table 1) compared with the
short connecting loops typically seen in canonical FHA domains
(Figure 3B). In the particularly long b1/b2, b4/b5 and b7/b8 loops
(Figures 3B and S2), electron density was poorly defined for 10,
10, and 5 amino acids, respectively, suggesting substantial dis-
order. These three disordered loops all project away from theStructure 16, 1806–187-stranded sheet of the FHA core b sandwich (Figures 2A and
S3), suggesting that they could act together to form a flexible
binding surface for another molecule, or could possibly interact
with the C-terminal RING motif region of Pellino itself. These
loops are not well conserved between Pellino proteins (Fig-
ure S2). The b1/b2 loop is the location of a long insert found only
in Pellino3a, the b4/b5 loop is one of the most divergent regions
among human Pellino proteins, and both the b4/b5 and b7/b8
loops are quite divergent in other phyla. The differences in these
three loops might dictate binding selectivity (and thus different
substrate and signaling specificities) for these proteins.
The topology of the Pellino2 FHA core deviates from that
observed in all other FHA domains in the region connecting b8
and b10 (Figures 2A and 3A). In all canonical FHA domains of
known structure the ninth b strand is antiparallel to strand b6
(gray arrow in Figures 2B and 3B; 9R in Figure 3A), completing a
5-stranded sheet made up from strands b3, b4, b5, b6 and b9. In
the Pellino2 FHA core, the ninth b strand instead forms an anti-
parallel interaction with strand b8, so that the larger b sheet of the
Pellino2 FHA core b sandwich comprises 7 strands, rather than
the 6 strands seen in canonical FHA domains. The loop connect-
ing this alternatively located b9 strand and b10 is well ordered
in both the P2(15–275)* and P2(7–289) structures, stabilized by
interactions with b50 and b60 from the Pellino2 wing (Figure 5A),
and by a network of hydrogen bonds and salt bridges between
the b9/b10 loop and the b7/b8/b10 region of the FHA core. It is
interesting that the tip of the b9/b10 loop is close to a region16, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1811
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Against the FHA Core
Cartoon representations of Pellino2 FHA looking
onto the face of the protein that opposes the phos-
phopeptide-binding site. Colors are as in Figure 2.
A transparent molecular surface is shown.
(A) The b50/b60 hairpin of the wing interacts with the
noncanonical b8–b10 region of the FHAcore, stabi-
lized by both van der Waals and polar interactions.
(B) A solvent-filled pocket lies at the center of this
face of the protein (Figure S4A).
(C) Thewing region is additionally stabilized against
the FHA core by interaction between the b40 strand
(plus the preceding loop) and the b3/b4/b5/b6
sheet of the FHA core.implicated in defining specificity for phosphothreonine sequence
context in canonical FHA domains (interacting with the side
chain of the pT+3 amino acid [Durocher, 2005]). This region of the
Pellino2 FHA core, and the distinct connections of the b9 strand,
might therefore play a role in defining the specificity of its phos-
phopeptide recognition. The b8 to b10 region is highly conserved
among all Pellino proteins (Figure S2), suggesting that this region
would not confer isoform specificity.
The Pellino2 FHA Domain Wing
As mentioned above, the Pellino2 FHA domain has a unique ad-
ditional ‘‘wing’’ or appendage that has not been seen in any other
FHA domain structure, but is well conserved in sequence across
Pellino proteins (suggesting functional significance). The wing
comprises two large inserts in the b2/b3 and b6/b7 loops of the
FHA core, of 45 and 26 amino acids, respectively (Figures 3B
and S2). Such long inserts have not previously been seen in an
FHA domain, although the Rad53-FHA1 does have a short
a-helical elaboration between strands b2 and b3 (Figure 3A). The
presence of these inserts confounded the recognition of the FHA
core in Pellino sequences; indeed, with these inserts removed
from the sequence, the Pellino2 FHA core can be identified by
threading algorithms.
The first of the two inserts (amino acids 51–98, dark blue in Fig-
ure 2) contributes 3 strands (b10–b30) to a 4-stranded b sheet. The
second insert (amino acids 159–184, light blue in Figure 2) con-
tains 3 shorter strands (b40–b60). Strand b40 is parallel to strand
b20 as part of the larger b sheet of the wing, whereas b50 and
b60 form a b-hairpin that lies orthogonal to this larger b sheet.
The wing is tightly packed against the FHA core (Figure 5) and
is highly unlikely to be independently stable. The b50/b60 hairpin
interacts with the noncanonical b8–b10 region of the Pellino2
FHA core, stabilized by both van der Waal’s interactions and
a network of hydrogen bonds (Figure 5A). Hydrophobic side
chains, largely from strand b40 and the preceding loop, pack
against part of the outer face of the 4-stranded sheet (b4/b3/
b5/b6) of the FHA core. The b40 edge of the wing is further stabi-
lized against the FHA core by polar interactions (Figure 5C).
Strands b10, b20 and b30 make few contacts with the FHA core,
other than those near the covalent linkages. As a consequence,
a deep pocket is created that is also rimmed by the b4/b3/b5/b6
sheet and b9/b10 loop of the FHA core, as well as the b50/b60
wing loop (Figure 5B). This pocket is surrounded by negative
charges, filled with solvent, and lies on the opposite face of the
Pellino2 FHA core from the likely phosphopeptide binding site.
This binding pocket is well conserved among Pellino proteins
(Figure S4A), suggesting that it might provide an important inter-
action surface for a positively charged binding partner. Alterna-
tively, the pocket might be involved in interactions with the
RINGmodule of Pellino2, in a manner reminiscent of the interac-
tion between the RING domain of c-Cbl and its tyrosine kinase
binding domain (Zheng et al., 2000).
It is highly probable that the wing of the Pellino2 N-terminal
domain plays an important role in its interaction with phosphor-
ylated IRAK1 (or other substrates), in addition to the FHA core.
Figure 6A shows a view of the phosphopeptide binding face of
Pellino. The apposition of the wing and the FHA core effectively
expands the phosphopeptide binding region of this atypical FHA
domain, suggesting that the cognate binding target will include
elements expected of a canonical FHA domain ligand plus
A CB Figure 6. The Pellino2 Wing Extends the
Substrate-Binding Surface
The Pellino2 FHA-like domain and the Rad53
FHA1/Rad9 complex are shown looking onto the
phosphothreonine binding site, a 180 rotation
about a vertical axis with respect to Figure 5.
(A) The apposition of the Pellino2 wing and FHA
core result in a binding pocket that is lined with
hydrophobic amino acids and rimmed on one side
by amino acids (green) implicated in direct contact
to the phosphothreonine, and on the other side by
charged and polar side chains from the wing loops
(blue).
(B) The Rad53-FHA1 (beige) is shown superimposed on the Pellino FHA core (green). The phosphopeptide bound to Rad53-FHA1 is shown in cyan. The box
indicates the area of detail shown in A and C.
(C) The phosphopeptide binds to a groove on the surface of Rad53-FHA1 analogous to the lower rim of the pocket highlighted in A.1812 Structure 16, 1806–1816, December 10, 2008 ª2008 Elsevier Ltd All rights reserved
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FDB
Figure 7. Features of the Pellino2 Sub-
strate-Binding Surface
Surface representations are shown of the Pellino2
FHA-like domain and of the Rad53 FHA1/Rad9
complex in the same orientation as Figure 6.
(A) The substrate-binding pocket on Pellino2 is
highly electropositive, substantially more than
the equivalent region of the Rad53-FHA1 domain
(B). The electrostatic potential at the solvent ac-
cessible surface, calculated using APBS (Baker
et al., 2001), is projected onto amolecular surface,
and colored in a gradient (red-white-blue) from
6kT to +6kT.
(C–E) Amino acid conservation is projected onto
the same molecular surfaces using the program
CONSURF (Landau et al., 2005). A gradient from
gray to white represents most conserved to most
divergent positions. Conservation taken from: (C)
a structure based alignment of Pellino2 to all FHA
domains of known structure, (D, E) pfam align-
ments of (D) all FHA domains or (E) all Pellino
proteins.
(F) In this view of the Pellino2 FHA domain, the
location and length of the disordered loops are
represented with dashed lines.additional features that interact with thewing region. In Figure 6B
theRad53-FHA1/Rad9 peptide complex is shown superimposed
on the Pellino2 FHA-like domain. The Rad9 peptide lies in a
groove on the surface of Rad53-FHA1 (Figure 6C), which is con-
served in Pellino 2 (green in Figure 6A). The wing of the Pellino2
FHA-like domain (top of Figure 6A, colored blue) extends this
binding site substantially, presenting polar residues including
R85, K69 and E170, plus hydrophobic side chains such as F167.
The wing of the Pellino2 FHA-like domain might play a role in
IRAK1 binding analogous to that of the RT loop of an SH3 do-
main bound to HIV Nef (Lee et al., 1996). SH3 domain recog-
nition of Nef involves two components: the canonical PXXP
sequence recognition and additional interactions of the SH3
domain RT loop with specific features on the Nef surface. Coop-
eration between these two types of interaction allows the SH3
domain to bind Nef with an affinity that is 100-fold higher than
for the proline-rich peptide mimetic. Similarly, the wing in the
Pellino2 FHA-like domain might interact with surface features
of IRAK1 that supplement the recognition of adjacent phospho-
threonine-containing sequences by the FHA core—allowing in-
creased affinity and specificity. Another possibility, because
the Pellino2 binding pocket is very highly positively-charged—
substantially more so than other FHA domains (compare Figures
7A and 7B) —is that the wing could allow binding to a multiply
phosphorylated region. This is not unprecedented for FHA do-
mains (Byeon et al., 2005; Lee et al., 2008). Whereas only the
region surrounding the canonical binding site is conserved when
all FHA domains are considered (Figures 7C and 7D), the entire
positively charged face of the Pellino2 FHA-like domain is highly
conserved across all Pellino proteins (Figure 7E), suggesting that
the entire surface is used for key interactions. The less well-con-
served loops, such as that between b4 and b5 (Figure 7F), might
project away from this conserved surface, or could possibly
participate in binding to phosphorylated substrates, and confer
specificity (or regulation) of interactions for different Pellino
proteins.Structure 16, 1806–18DISCUSSION
It has previously been shown that the interaction of Pellino pro-
teins with IRAK1 is dependent on activation and phosphorylation
of the kinase, whether it be by agonist stimulation or through au-
toactivation by overexpression (Jensen and Whitehead, 2003b;
Jiang et al., 2003; Strelow et al., 2003; Yu et al., 2002). Further,
kinase-inactive IRAK1 dose not interact with Pellino proteins
(Grosshans et al., 1999; Jensen andWhitehead, 2003b; Schauv-
liege et al., 2006). In this work we describe the molecular basis
for these observations. Pellino proteins contain an unexpected
FHA-like domain that interacts with IRAK1, and likely with other
substrates, through a binding event that requires at least one
phosphorylated threonine. We describe an unanticipated high
degree of structural homology between the core b sandwich of
Pellino2 and FHA domains, particularly in the phosphopeptide
binding region. We show that mutation of R106 and other key
conserved amino acids in this region of Pellino2 leads to com-
plete loss of its interaction with IRAK1. We also show that the
Pellino2 FHA-like domain can bind—albeit with modest affinity—
to phosphothreonine-containing peptides. However, the struc-
ture of the complete FHA-like domain suggests that key addi-
tional binding interactions that increase affinity and specificity
are contributed by the unusual wing-like appendage that is
intimately associated with the Pellino FHA core. If each Pellino
protein has a different binding specificity, this is most likely con-
ferred by the loops that are disordered in this structure (Fig-
ure 7F), or, for Pellino3a, by the isoform specific insertion in the
b1/b2 loop.
It is possible that simultaneous recognition of multiple phos-
phorylated threonines (and/or serines) is required to support
high-affinity interaction of Pellino proteins with IRAK1. This is
suggested by the high positive potential on the large conserved
binding surface of the Pellino2 FHA-like domain (Figure 7A), and
there is precedent for related modes of binding for other FHA
domains. For example, the FHA domain from the Dun1 kinase,16, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1813
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structurally and functionally similar to Rad53, specifically recog-
nizes a double-threonine-phosphorylated motif, whereas the
Rad53 FHA domain can bind the samemotif when it is only singly
phosphorylated (Lee et al., 2008). The interaction of the human
nucleolar protein hNIFK with the FHA domain from the cell pro-
liferation regulator Ki67 also requires sequential phosphorylation
on three amino acids of hNIFK (Byeon et al., 2005). Structural
studies of a triply phosphorylated fragment of hNIFK show that
interaction with the Ki67 FHA domain involves both the phos-
phorylated and nonphosphorylated regions (Byeon et al., 2005).
In an interesting parallel, activation of IRAK1 is known to require
initial sequential phosphorylation steps (Kollewe et al., 2004),
which are followed by multiple phosphorylation events at Ser/
Thr-rich regions of the protein (Janssens and Beyaert, 2003;
Kollewe et al., 2004). It is not yet clear which of these events
are required for interaction with Pellino proteins.
Finally, additional regulation at the level of phosphoamino acid
recognition might result from phosphorylation of Pellino proteins
themselves. Pellino proteins are phosphorylated in amanner that
depends on IRAK1 kinase activity, and in vitro by recombinant
IRAK1 and IRAK4 (Ordureau et al., 2008; Strelow et al., 2003).
Our data suggest that phosphorylation of Pellino3a might be
required for its interaction with IRAK1. We are unable to detect
interaction of Pellino3a with IRAK1 in the GST-pull-down assay
(Figure 1B), although interaction of this isoform of Pellino3 with
IRAK1 is seen when both proteins are expressed in mammalian
cells (Butler et al., 2005; JensenandWhitehead, 2003b). In further
support of the importance of phosphorylation in the regulation
of Pellino proteins, phosphorylation of Pellinos 1 and 3b has been
shown to enhance their ubiquitin ligase activity (Ordureau et al.,
2008). The identification of a phosphothreonine-binding module
in Pellino proteins provides a valuable molecular framework to
investigate the function and regulation of Pellino proteins.
EXPERIMENTAL PROCEDURES
Molecular Biology Methods
cDNA clones for mouse Pellino1 (MGC-29041) and human Pellino2 (MGC-
15066) were obtained from ATCC. Pellino3 clones were as described previ-
ously (Jensen and Whitehead, 2003b). The appropriate coding regions for
full-length or truncated Pellino proteins were amplified using PCR and inserted
into pGEX-4T1 (GE Healthcare; GST-Pellino1N, GST-Pellino3aN and GST-
Pellino3bN), or into one of two pET28-derived vectors that direct expression
of tobacco etch virus (TEV) protease cleavable N-terminal His6- or GST-fusion
proteins (HTUA and pGV67 plasmids generously provided by Dr. Gregory Van
Duyne, University of Pennsylvania). The linker in pGV67 contributes an addi-
tional 15 amino acids to the fusion proteins compared with the proteins ex-
pressed in pGEX-4T1. Site-specific alterations in Pellino2 were created using
the Quickchange site-directed mutagenesis system (Stratagene). All PCR-
generatedDNAswere sequence verified. Human IRAK1, IRAK1b and a kinase-
inactive mutant of IRAK1 (IRAK1ki), in pcDNA4/HisMax vector (Invitrogen),
have been described previously (Jensen and Whitehead, 2001).
Protein Expression and Purification
GST- and His6-Pellino proteins were expressed in E. coli BL21 (DE3) by induc-
tion with isopropyl b-D-thiogalactoside (IPTG) at 25C for 4 hr. Selenomethio-
nine-derivatized (SeMet) P2(15-275)* was expressed in B834 (DE3) E. coli
(Novagen). Overnight Luria broth (LB) cultures were pelleted, washed twice
with water, resuspended in SelenoMet medium (Molecular Dimensions) and
protein expression induced with IPTG at 25C for 4 hr. His6-Pellino proteins
were purified on Ni-NTA agarose and eluted with an increasing imidazole1814 Structure 16, 1806–1816, December 10, 2008 ª2008 Elsevier Lstep gradient. TEV protease was added to protein containing fractions, which
were dialyzed overnight at 4C against 100mM Tris-HCl, 70 mMNaCl, 0.5 mM
EDTA, and 1 mM DTT (pH 8.0). Following buffer exchanged into 50 mM MES,
80 mM NaCl, and 1 mM DTT (pH 6.0), protein was purified by cationic ex-
change (Source S, GEHealthcare) and size exclusion chromatography (Super-
ose 6, GE Healthcare). SeMet incorporation was confirmed by MALDI (matrix-
assisted laser desorption ionization) mass spectrometry. GST-Pellino proteins
were incubated with glutathione agarose beads (Sigma) for 90 min at 4C.
Beads were washed twice with 50 mM Tris-HCl, 150 mM NaCl, 0.5 mM
EDTA, 10% glycerol, 1 mM DTT, and 1 mM PMSF (pH 8.0) and analyzed by
SDS-PAGE for normalization of bound protein.
Protein Crystallization and Structure Determination
Pellino proteins in 15 mMHEPES, 50 mMNaCl, and 5 mM TCEP (pH 7.0) were
crystallized by the hanging-drop vapor diffusion method. Equal volumes of
P2(7–289) at 10 mg/ml were mixed with a reservoir solution of 50 mM sodium
citrate, 23% PEG 3350, and 1M NaCl (pH 5.5), and equilibrated over this
reservoir solution at 22C. Larger single crystals were obtained using micro-
seeding. Crystals of SeMet P2(15–275)* grew spontaneously, at 22C, from
drops of equal volumes 5 mg/ml protein and a reservoir solution of 100 mM
sodium acetate, 26.4% w/v PEG 2000 MME, and 200 mM (NH4)2SO4 (pH 5.5).
Both crystals were frozen directly from the drop. Data were collected at the
Advanced Photon Source (APS) beamline 23ID and processed with HKL-
2000 (Otwinowski et al., 1997).
The structure of SeMet P2(15–275)* was determine using MAD methods
implemented in the program SHELX C/D/E (Schneider and Sheldrick, 2002;
Sheldrick, 2002). The autotrace algorithm in RESOLVE (Terwilliger, 2003)
was used to obtain an initial model that comprised 70% of the main chain with
the correct sequence placed for a third of the model. This model was improved
with cycles of manual building in COOT (Emsley and Cowtan, 2004) and refine-
ment (against the peak dataset) in REFMAC (CCP4, 1994) (Table 1).
The structure of P2(7–289) was solved using MR methods, implemented in
the programPHASER (McCoy et al., 2007), using the refinedP2(15–275)* as the
search model. The model of P2(7–289) was manually rebuilt in COOT and
refined using REFMAC. Coordinates and structure factors for P2(5–275)* and
P2(7–289) have been deposited to the Protein Data Bank with the accession
codes 3ega and 3egb, respectively.
GST-Pulldown Assay
Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum, 100 U/ml
penicillin and 100 mg/ml streptomycin. Transfections were performed using
FuGENE 6 (Roche) according to themanufacturer’s instructions. Appropriately
transfected HEK293T cells were lysed by scraping cells from the tissue culture
dish in 50 mM HEPES and 150 mM NaCl (pH 7.5) supplemented with 20 mM
b-glycerophosphate, 1 mM EDTA, 1 mM benzamidine, 50 mM NaF, 1 mM
Na3VO4, 2 mM DTT, 10% protease inhibitor cocktail (Sigma), and 0.1% NP-40
(HEK293T lysis buffer). For dephosphorylation, the lysis buffer was 50mMTris,
100 mM NaCl, 10 mM MgCl2, 1 mM DTT, and 1 mM PMSF (pH 8.0). Lysates
were incubated with calf intestinal alkaline phosphatase (CIP, New England
Biolabs; 0.15 units/ml) for 6 hr at 37C.
Glutathione agarose beads (50 ml), containing equal amounts of immobilized
GST or GST-Pellino protein, were incubated overnight with the clarified
HEK293T lysates. Beads were washed three times with HEK293T lysis buffer
and resuspended in SDS-PAGE loading buffer for western blot analysis. Pro-
teins were detected with monoclonal Xpress (Invitrogen) or a polyclonal phos-
phothreonine antibody (Zymed). Parallel gels were stained with Coomassie to
verify normalization of the GST-fusion proteins on the beads.
Peptide Binding Assay
Peptides were synthesized using standard FMOC chemistry with free N-termini
and purified by reverse-phase HPLC. The purity and molecular mass were con-
firmed by MALDI time-of-flight mass spectrometry. The following peptides
were made. IRAK1-derived peptides: WVRDQpTELRL; SGQRpTASVLW;
WSPGTpTAPRP; WISRGpTHNFSE; TVRGpTLAY. Rad9-derived peptides:
WSLEVpTEADT [Rad9 (pT192)];WSLEVTEADT [Rad9 (T192)]andYSLEVpTEADT.
Lyophilized HPLC-purified peptides were resuspended in DMSO and amine cou-
pled to Affi-Gel 15 agarose beads (Bio-Rad) according to the manufacturer’std All rights reserved
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Pellino Recognizes Substrate via an FHA Domainprotocol. Peptide-coupled beads were equilibrated with binding buffer (25mM
HEPES, 300 mM NaCl, and 1 mM DTT, pH 7.0). For each pull-down reaction,
100 ml Pellino2 or of R106A Pellino2 variant, at 50 mM, in binding buffer, was
incubated with 20 ml peptide-coupled beads for 1 hr at 4C. The beads were
washed three times with binding buffer supplemented with 0.1% Triton X-100.
Bound protein was eluted by 40 ml 3X Laemmli buffer, analyzed by SDS-PAGE,
and detected with Coomassie staining.
ACCESSION NUMBERS
Coordinates and structure factors for P2(5–275)* and P2(7–289) have been
deposited to the Protein Data Bank with the accession codes 3ega and 3egb,
respectively.
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